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Partsalis et al., 1995). In vestibular nucleus neurons,
changes in both spontaneous firing rates (Partsalis et
al., 1995) and the firing responses to head movements
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Systems Neurobiology Laboratories
The Salk Institute for Biological Studies (Lisberger and Pavelko, 1988; Lisberger et al., 1994b; Part-
salis et al., 1995) have been observed in associationLa Jolla, California 92037
with learning-induced modifications in VOR gain. The
cellular mechanisms that mediate these changes in fir-
ing properties have been hypothesized to involve modu-Summary
lation of both intrinsic excitability (Darlington et al., 2002;
du Lac, 1996) and synaptic strength (Lisberger and Sej-Although experience-dependent changes in neural cir-
cuits are commonly assumed to be mediated by syn- nowski, 1992).
Although in many systems synaptic excitation triggersaptic plasticity, modifications of intrinsic excitability
may serve as a complementary mechanism. In whole- plasticity of synapses (Malenka and Nicoll, 1999) or in-
trinsic excitability (Aizenman and Linden, 2000; Egorovcell recordings from spontaneously firing vestibular
nucleus neurons, brief periods of inhibitory synaptic et al., 2002), several features of the VOR circuit suggest
that inhibitory synaptic connections could play a pivotalstimulation or direct membrane hyperpolarization trig-
gered long-lasting increases in spontaneous firing role in VOR learning. Vestibular nucleus neurons fire spon-
taneously in intact animals at rates of 50–100 spikes/srates and firing responses to intracellular depolariza-
tion. These increases in excitability, termed firing rate (Fuchs and Kimm, 1975) and signal information by syn-
aptically induced modulations in firing both above andpotentiation, were induced by decreases in intracellu-
lar calcium and expressed as reductions in the sensi- below these baseline rates. In a system characterized
by high levels of resting activity and correspondingly hightivity to the BK-type calcium-activated potassium
channel blocker iberiotoxin. Firing rate potentiation is levels of intracellular calcium and other signaling fac-
tors, inhibition might be a more potent signal for trig-a novel form of cellular plasticity that could contribute
to motor learning in the vestibulo-ocular reflex. gering plasticity than excitation. Accordingly, cerebellar
Purkinje cells, which provide inhibitory synaptic drive to
vestibular nucleus neurons, are critical for motor learn-Introduction
ing in the VOR (Ito et al., 1982; Koekkoek et al., 1997;
Lisberger et al., 1984; McElligott et al., 1998; Nagao, 1983;The activity of neural circuits is determined by the prop-
erties of their constituent neurons and connections. Al- Robinson, 1976). Synaptic inhibition from the contralat-
eral vestibular nucleus is also thought to play a role inthough synapses serve as a site for experience-depen-
dent plasticity (reviewed in Malinow and Malenka, 2002), VOR plasticity (Darlington et al., 2002). We hypothesized
that synaptic inhibition might trigger changes in the in-recent work has shown that intrinsic membrane proper-
ties can also be regulated in an activity-dependent man- trinsic firing properties of vestibular nucleus neurons.
To test this hypothesis, wemonitored the effects of activat-ner (Aizenman and Linden, 2000; Armano et al., 2000;
Daoudal et al., 2002; Desai et al., 1999; Egorov et al., ing inhibitory synapses on vestibular nucleus neuronal ex-
citability.2002; Ross and Soltesz, 2001; Smith and Otis, 2003;
Turrigiano et al., 1994). Neuronal excitability is regulated
by ionic conductances that may be targets for the cellu- Results
lar changes that support learning and memory. We in-
vestigated plasticity of excitability in neurons of the me- Inhibition Triggers a Long-Lasting
dial vestibular nucleus, a brainstem nucleus essential Increase in Excitability
for motor learning in the vestibulo-ocular reflex (VOR). Neurons in the medial vestibular nucleus (MVN) fired
The VOR stabilizes images on the retina during head action potentials spontaneously in mouse brainstem
motion by generating compensatory eye movements. slices in which ionotropic glutamatergic transmission
Simple forms of motor learning recalibrate the VOR un- was blocked with kynurenic acid (see Figure 1A). Firing
der conditions of either peripheral vestibular dysfunction rates recorded intracellularly with whole-cell patch elec-
(reviewed in Smith and Curthoys, 1989) or persistent trodes ranged from 2 to 35 spikes/s (mean, 11.6  0.9
image motion during head movements (reviewed in du spikes/s). To determine whether synaptic inhibition can
Lac et al., 1995; Raymond et al., 1996). Motor learning trigger changes in excitability, MVN neurons were chal-
in the VOR is expressed as increases or decreases in the lenged with tetanic stimulation of inhibitory inputs. Stim-
gain of the VOR (the ratio of eye velocity to head velocity). ulation patterns were designed to approximate the activ-
Recordings from neurons in the circuitry for the VOR have ity of Purkinje cells during head movements (Hirata and
revealed physiological correlates of motor learning, both Highstein, 2001; Lisberger and Fuchs, 1978; Miles et al.,
in the cerebellum (Lisberger et al., 1994a; Miles et al., 1980b). Inhibitory axons dorsolateral to the MVN were
1980a; Watanabe, 1984) and in brainstem vestibular nu- stimulated with 1 s tetani (40–80 Hz pulse trains) every
clei (Lisberger and Pavelko, 1988; Lisberger et al., 1994b; other second for a period of 5 min.
Stimulation of inhibitory inputs hyperpolarized post-
synaptic neurons (Figure 1A, lower inset), reducing firing*Correspondence: sascha@salk.edu
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Figure 1. Inhibitory Synaptic Stimulation Evokes Long-Lasting Firing Rate Potentiation
(A) Spontaneous firing rate versus time prior to and after 5 min of tetanic stimulation of inhibitory synaptic inputs is shown in a representative
MVN neuron. The dotted line at 11 spikes/s indicates the mean firing rate prior to synaptic stimulation; symbols indicate average SD of
firing rate binned in 1 min epochs. The upper traces show examples of spontaneous action potentials recorded prior to and 30 min following
synaptic inhibition. Inhibitory synaptic stimulation consisted of 80 Hz pulse trains applied extracellularly for 1 s every other second for 5 min.
The bottom trace shows membrane potential during a brief portion of the 5 min stimulus period; action potentials are clipped, and downward
deflections are stimulus artifacts that mark the 1 s tetanus.
(B) Summary of firing rates, normalized to spontaneous rates prior to stimulation, in stimulated (filled symbols, n 9) and unstimulated neurons
(open symbols, n  8).
(C) Relationship between intracellularly injected current and evoked firing rate prior to (open symbols) and after (filled symbols) inhibitory
synaptic stimulation in the same neuron shown in (A). The average SD firing rate evoked by three repetitions of a 1 s current pulse is plotted;
error bars are smaller than symbols. Firing response gain, evaluated as the slope of the firing rate-current relationship, was 175 (spikes/s)/nA prior
to inhibitory stimulation and increased to 203 (spikes/s)/nA 30 min after stimulation.
(D) Ratio of gains measured over a 30–80 min period in control neurons (n  10) and prior to and 30 min after inhibitory stimulation (n  11).
(E) Averaged action potential shape (from traces in which the neuron was driven to fire at approximately 10 spikes/s by DC current injection)
before (thin black line) and after (thick gray line) synaptic stimulation, showing a reduction in the afterhyperpolarization amplitude. Horizontal
dotted line indicates 45 mV.
(F) Effect of synaptic stimulation on input resistance, measured as changes in membrane potential in response to a 20 pA hyperpolarizing
current pulse delivered for 500 ms when the neuron was hyperpolarized to 73 mV with DC current. Prior to stimulation, input resistance was
170 M (black line); 30 min after stimulation, input resistance increased to 250 M (thick gray trace).
rates by an average of 40%  10% (n  9). Following showed an immediate, step-like increase in spontane-
ous firing, decaying slightly over the first minute or twothe termination of each stimulus train, some neurons
displayed a brief postinhibitory rebound in firing rate that to a plateau, while others increased gradually over the
first few minutes. The potentiation of spontaneous firingdecayed to spontaneous firing levels within hundreds of
ms (Sekirnjak and du Lac, 2002). Five minutes of inhibi- rate did not depend on intracellular factors dialyzed
during whole-cell recording: firing rate increases weretory synaptic stimulation evoked long-lasting increases
in spontaneous firing rates. The neuron shown in Figure similar in whole-cell (n  6) and extracellular (n  3)
recordings. Increases in spontaneous firing rate per-1A fired spontaneously at approximately 12 spikes/s
prior to stimulation and increased its firing rate to 19 to sisted throughout the recordings, which lasted 30 min
to 2.5 hr following inhibitory stimulation.20 spikes/s following stimulation. Figure 1B summarizes
the changes in spontaneous firing rates across all neu- In addition to increasing spontaneous firing rates, syn-
aptic inhibition potentiated intrinsic firing responses torons tested. Average firing rates measured 25–30 min
after stimulation were significantly higher than those intracellularly injected current. In MVN neurons, intracel-
lular depolarization evokes increases in firing rates thatpreceding stimulation (n  9; p  0.018). In contrast,
neurons recorded for 30 min without intervening synap- scale linearly with input current amplitude (Figure 1C;
du Lac and Lisberger, 1995). In the neuron shown in Figuretic stimulation showed little change in firing rate (sum-
marized in Figure 1B; n  8; p  0.33). The onset of 1C, the gain of the firing response (slope of the relation-
ship between input current and the mean firing rateinhibition-induced firing rate increases varied, as evi-
denced by the error bars in Figure 1B. Some neurons evoked during 1 s of depolarization) was 175 (spikes/s)/
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nA prior to inhibitory synaptic stimulation. Following In the presence of synaptic blockers (kynurenic acid
and picrotoxin), current was applied for 1 s every otherstimulation, the neuron’s firing response gain increased
by 16%, to 203 (spikes/s)/nA. Increases in firing re- second to hyperpolarize the membrane potential by
about 30 mV. As with inhibitory synaptic stimulation,sponse gains averaged 26%5% in stimulated neurons
(Figure 1D; n  14; p  0.001). In contrast, gains in some neurons responded after each 1 s period of hyper-
polarization with a transient increase in firing, whichunstimulated neurons changed by an average of less
than 1% over 30–60 min of recording (Figure 1D; n 10; decayed to spontaneous levels within a few hundred
ms. Five minutes of periodic hyperpolarization evokedp 0.36). These results indicate that synaptic inhibition
triggers increases in excitability that are expressed both long-lasting increases in spontaneous firing rate (sum-
marized to 30 min in Figure 2A; n  17; p  0.001) andat the spontaneous firing level and throughout the firing
range. We term these changes in excitability “firing rate firing response gain (Figure 2B; n  56; p  0.0001)
comparable to those elicited by synaptic stimulation orpotentiation” (FRP).
FRP was accompanied by other changes in intrinsic GABA puffs. Within this population, 12 of 17 neurons
increased their spontaneous firing rates by more thanproperties. Synaptic inhibition evoked a reduction in the
afterhyperpolarization (AHP; example shown in Figure 15%, with firing rate increases ranging up to 136%.
Increases in firing response gains ranged up to 148%,1E). AHP amplitude decreased by 2.5  0.7 mV (n  13;
p  0.006), whereas AHP amplitude did not change in with 48 of 56 neurons increasing gain by more than 10%.
In this large sample of neurons subjected to periodiccontrol neurons (0.6  0.5 mV; n  8; p  0.46). In
contrast, synaptic inhibition had no effect on action po- hyperpolarization, no significant correlations were found
between initial firing rate, input resistance, cell size, ortential threshold, width, and rise time (p  0.35, 0.41,
and 0.65, respectively). Given that calcium-activated po- spike width and the amplitude of evoked increases in
firing rate (R2 0.02) or gain (R2 0.03). As was the casetassium currents produce the AHP in MVN neurons
(Smith et al., 2002), these results suggest that FRP is for synaptic inhibition and extracellular-applied GABA,
hyperpolarization-evoked increases in firing rates weremediated by a reduction in potassium currents. Accord-
ingly, input resistance measured below spike threshold maintained for the duration of each recording (up to 2.5
hr): in a sample of nine neurons recorded for more thanincreased following synaptic inhibition; in a representa-
tive neuron shown in Figure 1F, input resistance in- an hour, the mean firing rate 60 min after stimulation
(55%  11% increase) was not significantly differentcreased from 170 to 215 M. On average, synaptic inhi-
bition evoked an increase in input resistance of 31%  than it was 30 min after stimulation (45%  13% in-
crease; p  0.11). These results indicate that inhibition5% (n  12; p  0.002), whereas input resistance did
not change in unstimulated neurons (5% 4%; n 11). triggers rapid and long-lasting increases in excitability
via mechanisms intrinsic to the MVN neuron, rather thanHow does activation of inhibitory synapses produce
increases in excitability? GABA and glycine are the pre- by changes in the strength of its connections with other
neurons.dominant inhibitory neurotransmitters in the vestibular
nuclei (reviewed in Smith and Darlington, 1996). The role Hyperpolarization and synaptic inhibition evoked sim-
ilar changes in intrinsic properties and action potentialof GABAA receptors in synaptically evoked FRP was
assessed with the GABAA antagonist picrotoxin. Picro- parameters. Following hyperpolarization, AHP amplitude
was reduced by 2.6  0.6 mV (n  22) and input resis-toxin blocked synaptically mediated IPSPs and reduc-
tions in firing rate in each of seven MVN neurons tested. tance increased by 29%  8% (n  56). Reductions in
AHP amplitude correlated significantly with increases inFive minutes of tetanic stimulation in the presence of
picrotoxin had no effect on either spontaneous firing gain (R2  0.45, p  0.001) and tended to correlate with
increases in firing rate (R2  0.25, p  0.06). Theserate or gain (n  7; p  0.25 and 0.37, respectively),
suggesting that FRP induced by inhibitory synaptic stim- results are consistent with the hypothesis that inhibitory
synaptic stimulation and membrane hyperpolarizationulation is mediated by GABAA receptors, rather than
GABAB or glycine receptors. To determine whether FRP increase neuronal excitability via the same cellular mecha-
nisms.requires presynaptic transmitter release, extracellularly
applied GABA was substituted for synaptic stimulation.
GABA was pressure ejected from a glass pipette for a Stimulus Requirements for FRP
period calibrated to silence the recorded neuron for Postinhibitory rebound firing evoked by synaptic stimu-
approximately 1 s; these puffs were repeated every 2 s lation triggers Ca2 influx in deep cerebellar nucleus
for 5 min. GABA puffs evoked long-lasting increases in neurons, leading to changes in synaptic strength (Aizen-
spontaneous firing rates that averaged 69% 15% (n man et al., 1998). Is Ca2 influx during rebound firing
7; p  0.02). Firing response gains increased by an responsible for inducing FRP? In the population of MVN
average of 28%  7% (n  5; p  0.04). Substitution of neurons described above, rebound firing averaged 3.1
glycine for GABA evoked similar increases in spontane- 0.5 spikes/s above baseline firing rates (range: 1
ous firing (79% 23%; n 5; p 0.04) and gain (27% to 11 spikes/s). This relatively modest rebound firing
7%; n 8; p 0.01). These results indicate that postsyn- did not correlate significantly with increases in either
aptic factors mediate the induction of FRP. spontaneous rate or gain (R2  0.05 and 0.01, respec-
tively). To restrict rebound firing, continuous (DC) hyper-
polarization was substituted for periodic stimulation.Direct Hyperpolarization Leads to Increases
in Spontaneous Firing Rate and Gain Following the offset of hyperpolarizing current injection
that silenced neurons for 5 min, spontaneous firing ratesTo investigate whether the membrane hyperpolarization
produced by inhibition triggers FRP, neurons were hy- increased by 81%  30% (n  11; p  0.003) and firing
response gain increased by 16%  4% (Figure 2B; n perpolarized directly with intracellular current injection.
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Figure 2. Direct Membrane Hyperpolarization Triggers Firing Rate Potentiation
(A) Firing rate versus time prior to and after neurons were stimulated intracellularly with hyperpolarizing (filled symbols, n 17) and depolarizing
(open symbols, n  5) current. Firing rates are normalized to spontaneous values and calculated as averages SEM during 1 min epochs.
Stimuli were delivered every other second for 5 min.
(B) Summary of gain changes evoked by 5 min of periodic 30 mV hyperpolarizing current (n  56), continuous (DC) hyperpolarization (n 
7), hyperpolarizing current steps to just below action potential threshold (n  8), current steps to reduce firing rate by 50% (n  11), and
depolarizing current steps (n  7).
(C) FRP saturates after 5 min of periodic hyperpolarization. Two 5 min trials of hyperpolarizing stimuli were applied 20 min apart to six neurons.
Firing rate (normalized to spontaneous values) is plotted versus time for six neurons subjected to two 5 min trials of hyperpolarizing stimuli
separated by 20 min. Horizontal dotted line indicates average initial firing rate; dashed line indicates firing rate prior to the second stimulus trial.
(D) Summary of relative gain changes evoked by the first and second stimulus trial in six neurons.
16; p  0.001). These results demonstrate that postin- Although the first 5 min trial induced significant in-
creases in firing rate from baseline (mean increase,hibitory rebound firing is not required for the induction
of FRP. 35% 12%; n 6; p 0.05), subsequent hyperpolariza-
tion did not trigger significant further increases (meanHyperpolarizing stimuli that lowered the membrane
potential to just below threshold for action potentials increase, 3%  3%; n  6; p  0.76). Firing response
gain was also potentiated maximally within 5 min of(reducing membrane potential by about 5 mV) were
equally effective at inducing FRP as those that reduced hyperpolarization (summarized in Figure 2D); following
the first stimulus trial, gains increased significantly (bythe membrane potential by 30 mV; evoked firing rate
increases averaged 52%  16% (n  8; p  0.04), and 16% 4%; n 6; p 0.03), whereas gain in the second
trial was not significantly different from control (p 0.4).gain increases averaged 19%  8% (Figure 2B; n  6;
p  0.04). Merely reducing firing rates to half of sponta- These results indicate that 5 min of hyperpolarization
saturates firing rate potentiation.neous levels was sufficient to trigger FRP. Firing rate
increases evoked by hyperpolarizing stimuli that re- To determine whether a complementary, excitability-
decreasing mechanism exists, depolarization was sub-duced firing every other second for 5 min by 38%–68%
(mean, 53%  2%) evoked long-lasting firing rate in- stituted for the hyperpolarizing stimuli used to induce
FRP. Neurons were depolarized every other second forcreases of 22%  11% (n  9; p  0.05) and gain
increases of 12% 4% (n 11; p 0.02). A comparison five minutes with intracellularly injected current that
drove firing rates to an average of 60–250 spikes/s. Be-of FRP evoked by synaptic inhibition, GABA, glycine, DC
hyperpolarization to below action potential threshold, tween each 1 s stimulus, firing returned to the spontane-
ous rate. Depolarizing stimuli did not elicit long-termperiodic hyperpolarization to below threshold, and hy-
perpolarizing stimuli that reduced firing rate by half re- changes in spontaneous firing or gain. Depolarization
resulted in a 2 to 3 min decrement in spontaneous rates,vealed no significant differences in evoked changes in
either firing rate or gain (Kruskal-Wallis, p  0.31 and which was followed by a return to baseline rates (Figure
2A); 25–30 min later, neither firing rate (Figure 2A; n 0.39, respectively).
To examine the stimulus duration required to evoke 5; p  0.69) nor gain (Figure 2B; n  7; p  0.93) were
significantly different from control. Furthermore, FRPmaximal increases in excitability, a subset of neurons
were challenged with two 5 min trials of periodic hyper- induced by hyperpolarization could not be reversed by
subsequent depolarization. Depolarizing stimuli appliedpolarization to 30 mV below spike threshold (Figure 2C).
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Figure 3. Firing Rate Potentiation Is Evoked
by a Transient Decrease in Calcium Influx
(A) Example of a neuron intracellularly labeled
with the calcium indicator Oregon Green
BAPTA. The recording electrode is visible
at left. Fluorescence measurements were
obtained from the boxed region. Scale bar,
10 m.
(B) The top trace shows a summary of firing
rates prior to, during, and after a 5 min period
of continuous hyperpolarization to below ac-
tion potential threshold in ten neurons that
were filled with Oregon Green BAPTA. Sym-
bols indicate mean SEM of firing rates
binned in 1 min epochs and normalized to
spontaneous levels. The lower trace shows
corresponding relative fluorescence levels
(F/F) in the same neurons. The gray bar
marks the period of DC hyperpolarization.
(C) Effects of removing extracellular calcium
for 5 min on spontaneous firing rates in nine
neurons.
(D) Ratio of firing response gain after and prior
to transient removal of extracellular calcium
(n  12), and bath application of cadmium
chloride (n  10). Gains were measured prior
to and at least 30 min following each manipu-
lation; ACSF was unaltered in interleaved
controls (n  10).
for up to 10 min affected neither gains (mean increase, with 5 min of continuous hyperpolarization to below
spike threshold. As shown in the upper panel of Figure3%  2%; n  4; p  0.47) nor spontaneous firing rates
(mean increase, 2%  2%; n  4; p  0.46) in neurons 3B, DC hyperpolarization triggered increases in firing
rate that averaged 42% 10% (n 10). The lower panelthat had undergone prior potentiation. These results
indicate that firing rate potentiation is neither bidirec- of Figure 3B shows the corresponding intracellular cal-
cium levels, measured as relative changes in fluores-tional nor reversible under the recording conditions
used here. cence. DC hyperpolarization resulted in a rapid decrease
in fluorescence levels, which plateaued at a steady-stateIn summary, FRP could be induced under a variety of
conditions which transiently reduced firing rate. Reduc- level of 11.4%  0.18% below control values (n  10;
p  0.005). Following the offset of hyperpolarization,tions in firing rate triggered FRP whether they were con-
tinuous or periodic, and FRP induction required neither fluorescence levels increased in parallel with firing rate
as expected if intracellular [Ca2] depended on influxstrong membrane hyperpolarization nor postinhibitory
rebound firing. FRP was long lasting, did not reverse through voltage-dependent calcium channels active
during firing. Hyperpolarizing stimuli that reduced firingwith depolarization, and saturated within a 5 min period
of hyperpolarization. rates to about half of spontaneous levels (43%  11%)
also triggered decreases in intracellar [Ca2] and subse-
quent FRP; fluorescence intensity dropped by an aver-Firing Rate Potentiation Is Triggered by Decreases
in Intracellular [Ca2] age of 6.2%  0.69% (n  5; p  0.01), and evoked
increases in firing rate and gain averaged 27%  6%How do reductions in firing evoked by inhibitory synaptic
stimulation or direct hyperpolarization elicit long-term and 18%  13%, respectively. These results support
the hypothesis that decreases in intracellular calciumincreases in excitability? Action potentials activate volt-
age-gated calcium channels, triggering calcium influx. levels trigger FRP.
To examine the effects of reducing intracellular [Ca2]During firing, intracellular [Ca2] is elevated in proportion
to firing rate (Muri and Knopfel, 1994). We hypothesized on excitability, the Ca2 chelator BAPTA was applied
intracellularly through the recording pipette. BAPTA (10that inhibition and consequent hyperpolarization re-
sulted in decreases in intracellular Ca2 levels. A reduc- mM) induced rapid increases in spontaneous firing rate
and gain and reductions in AHP amplitude. Gains mea-tion in [Ca2] during hyperpolarization might alter intra-
cellular signaling or kinase activity, which in turn could sured in BAPTA-treated neurons averaged 404  54
(spikes/s)/nA (n 9), 65% higher than in control neuronsregulate conductances contributing to intrinsic excit-
ability. To determine whether intracellular calcium levels [233  15 (spikes/s)/nA; n  56]. The increases in excit-
ability induced with BAPTA are similar to those evokeddecrease during the induction of FRP, we performed
calcium imaging in parallel with whole-cell recordings by membrane hyperpolarization, consistent with the
idea that FRP is triggered by reductions in intracellu-of firing rate. Neurons were patched with electrodes
containing the calcium indicator dye Oregon Green 488 lar [Ca2].
Dialysis with BAPTA occluded the subsequent induc-(Figure 3A). To simplify analysis of calcium signals and
facilitate comparisons across neurons, FRP was evoked tion of FRP. In the presence of BAPTA, periodic hyperpo-
Neuron
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larization did not evoke long-term changes in firing rate nels (Kohler et al., 1996), reduced the AHP amplitude
(Figure 4A) and evoked pronounced increases in sponta-(7% 11%; n 5; p 0.69), while interleaved controls
neous firing rate and gain (Figure 4B). On average, firingresponded with robust increases in spontaneous firing
rates more than doubled in the presence of apamin(45% 16%; n 7; p 0.05, for comparison). Potentia-
(120%  35% increase; n  12), while gains increasedtion of firing response gain was also occluded in BAPTA-
by 250% 31% (n 19), and input resistance increasedtreated neurons (0.4%  1%; n  8; p  0.27) as
by 54%  17% (n  10). These increases in excitabilitycompared to interleaved controls (gain increased by
evoked by apamin suggested that reductions in SK cur-22%  6%; n  10; p  0.005). These experiments
rents might underlie FRP.suggest that BAPTA and hyperpolarization activate the
If SK currents are downregulated to mediate FRP,same cellular machinery, implicating changes in intra-
then after complete blockade of SK channels, hyperpo-cellular [Ca2] as a requirement for FRP. However, BAPTA
larization should not evoke FRP. However, pretreatmentcould have occluded either the proposed induction
with saturating concentrations of apamin (see Experi-mechanism (decreases in intracellular calcium) or an
mental Procedures) did not occlude FRP. In the exampleexpression mechanism (e.g., calcium-dependent con-
shown in Figure 4B, apamin produced a nearly 3-foldductances).
increase in gain, from 231 to 636 (spikes/s)/nA. Nonethe-To test directly whether decreases in [Ca2] can trig-
less, 5 min of periodic hyperpolarization elicited a furtherger FRP, external Ca2 was replaced with Mg2 for 5
increase in gain, to 923 (spikes/s)/nA. Hyperpolarization-min, temporarily reducing Ca2 available for influx during
triggered gain increases evoked during SK channelaction potentials, and then Ca2 and Mg2were restored
blockade (Figure 4D; n  12; p  0.002) were indistin-to their baseline levels. As summarized in Figure 3C,
guishable from those in interleaved controls (n  17;during perfusion with low Ca2 ACSF, firing rates in-
p  0.84), indicating that FRP was intact. Followingcreased (with a 3 min time lag dictated by the ACSF
blockade of SK channels, hyperpolarization was able toturnover rate); these increases in spontaneous firing rate
induce increases in spontaneous firing rate (Figure 4C;are consistent with the prominent role of calcium-acti-
n  8; p  0.05), which were not significantly differentvated potassium channels in the control of excitability
from those of interleaved controls (n  8; p  0.83). Inin MVN neurons (Smith et al., 2002). After restoration of
summary, although SK channels regulate excitability innormal external [Ca2], firing rates decreased but re-
MVN neurons, their blockade did not prevent FRP.mained higher than baseline for the duration of the re-
A role for BK-type calcium-activated potassium chan-cording (Figure 3C; n 9; p 0.01), indicating a persis-
nels was examined with the specific BK channel blockertent change in excitability. Removal of extracellular
iberiotoxin (Galvez et al., 1990). Iberiotoxin (IBTX, 150calcium also evoked a long-term increase in firing re-
nM) reduced AHP amplitude (Figure 5A) by an averagesponse gain measured 30–50 min following restoration
of 4.7  0.7 mV (n  9) and increased input resistanceof normal ACSF (summarized in Figure 3D; n  12; p 
by 37%  26% (n 10). IBTX also increased spontane-0.01). To verify that reduced calcium influx triggers FRP,
ous firing and gain (Figures 6A and 6B). In the examplesthe broad-spectrum calcium channel blocker cadmium
shown, firing rate increased from 5 to 14.5 spikes/s, andchloride (100 M) was added to the ACSF for a 5 min
gain increased from 363 to 643 (spikes/s)/nA. A summaryperiod. Thirty minutes after washout of Cd2, spontane-
of IBTX-induced increases in firing rate and gain can beous firing rates had increased by 50% 8% (n  5; p
found in Figures 6E and 6F, respectively. Downregula-0.04), and gains had increased by 27%  7% (n  8;
tion of BK conductances could account for the changesp  0.01; Figure 3D). These experiments demonstrate
in excitability that constitute FRP: blockade of BK chan-that a 5 min period of reduced Ca2 influx can substitute
nels induced changes in intrinsic properties similar tofor firing rate reductions to trigger FRP. The fact that
those found in FRP. To test this hypothesis, hyperpolar-firing rates were elevated in the presence of Cd2 or
izing steps were applied to neurons pretreated with sat-low external [Ca2] and yet increases in excitability still
urating concentrations of IBTX. As shown in Figure 5B,
occurred provides additional evidence that decreases in
following blockade of BK channels, hyperpolarization
calcium influx, rather than membrane hyperpolarization
did not elicit any further increase in spontaneous firing
per se, trigger FRP. rate (n 5; p 0.69), while in interleaved controls spon-
taneous firing rate increased significantly (n  6; p 
BK-Type Calcium-Activated Potassium Currents 0.03; p  0.01, for comparison between IBTX-treated
Regulated in Firing Rate Potentiation and interleaved control neurons). Prior treatment with
Downstream of decreases in [Ca2], what ion channels IBTX also occluded potentiation of gain (Figure 5C; n 
are regulated to produce FRP in MVN neurons? Several 11; p  0.76; p  0.001, for comparison). These experi-
lines of evidence suggested a role for calcium-activated ments imply that BK channels are required for FRP.
potassium channels. Increases in input resistance ac- If FRP is mediated by reductions in BK currents, then
companied FRP, consistent with a net closure of potas- the increases in excitability evoked by blocking BK
sium channels. Furthermore, hyperpolarization elicited channels should be smaller in neurons that have pre-
both increases in gain and reductions in AHP amplitude; viously undergone FRP than in control neurons. Figure
in MVN neurons, each are dictated primarily by calcium- 6A shows that blocking BK channels with saturating
activated potassium conductances (du Lac and Lis- concentrations of IBTX (150 nM) evoked an approxi-
berger, 1995; Smith et al., 2002). To test this potential mately 3-fold increase in the spontaneous firing rate of
mechanism, the two predominant classes of calcium- an individual neuron. In contrast, IBTX had no effect on
activated potassium channels, SK and BK, were manip- the spontaneous firing rate of a second neuron that
ulated pharmacologically. had undergone prior firing rate potentiation (Figure 6B).
Similarly, IBTX nearly doubled gain in a control neuronApamin (100 nM), a selective antagonist of SK chan-
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Figure 4. Firing Rate Potentiation Is Not Oc-
cluded by Blockade of SK-Type Calcium-
Activated Potassium Channels
(A) The SK channel antagonist apamin (100
nM) depolarized the membrane and reduced
AHP amplitude. Averaged action potential
shape (from traces in which neurons were
driven to fire at 10 spikes/s via DC current
injection) is shown prior to (solid line) and
following (dotted line) apamin application.
Horizontal line marks 50 mV.
(B) In a representative neuron, response gain
was 231 (spikes/s)/nA at baseline and in-
creased to 656 (spikes/s)/nA in saturating
concentrations of apamin. In response to 5
min of periodic hyperpolarization, gain in-
creased further, to 923 (spikes/s)/nA.
(C) Firing rate changes evoked by hyperpolar-
ization in neurons pretreated with saturating
apamin (n  8) and interleaved controls
(n  8).
(D) Gain changes evoked by hyperpolarizing
steps in apamin-treated neurons (n 12) and
interleaved controls (n  17).
(Figure 6C) but had relatively little effect on gain in a inhibition. Brief periods of inhibition or direct membrane
hyperpolarization evoked long-lasting increases in spon-potentiated neuron (Figure 6D). Population results con-
firmed that following FRP induction, less total BK current taneous firing rate and firing response gain in vestibular
nucleus neurons. The results are consistent with a modelis available for blockade. On average, IBTX evoked in-
creases in spontaneous rates of 97% 15% in unstimu- in which firing rate potentiation is induced by decreases
in intracellular calcium and expressed as a reduction inlated neurons (Figure 6E; n  5) but had no significant
effect on firing rates in neurons that had undergone prior BK-type calcium-activated potassium currents. Firing
rate potentiation would increase the sensitivity of vestib-FRP (2% 5% increase; n 5). IBTX also had a smaller
effect on firing response gain in potentiated neurons ular nucleus neurons to head motion inputs in an activity-
dependent manner and thus provides a new candidate(14% 6%; n 5) than in unstimulated neurons (52%
11%; n  7). These differences between the effects mechanism for motor learning in the vestibulo-ocular
reflex.of IBTX on spontaneous firing and gain in control and
potentiated neurons were significant (p  0.01), consis-
tent with the hypothesis that reductions in BK currents Plasticity in Intrinsic Excitability
govern the expression of firing rate potentiation. Driven by Inhibition
The findings presented here add to a growing body of
evidence that diverse cellular mechanisms contributeDiscussion
to experience-dependent changes in neural circuits. Al-
though synaptic plasticity is widely assumed to mediateThis study has identified a novel type of plasticity in
intrinsic excitability that is rapidly induced by synaptic learning and memory, a number of recent studies show
Figure 5. FRP Is Expressed via BK-Type Calcium-Activated Potassium Channels
(A) The BK channel antagonist iberiotoxin (IBTX, 150 nM) decreased the AHP amplitude. Averaged action potential shape (from traces in
which neurons were driven to fire at 10 spikes/s via DC current injection) before (solid line) and after (dashed line) treatment with IBTX in a
representative neuron. Horizontal dotted line marks 50 mV.
(B) Firing rate changes evoked by hyperpolarizing steps in interleaved control neurons (open symbols, n  6) and in neurons pretreated with
saturating concentrations of IBTX (filled symbols, n  5).
(C) Hyperpolarization-evoked changes in firing response gain in interleaved controls (n  11) and neurons pretreated with IBTX (n  11).
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Figure 6. Induction of FRP Reduces Sensitivity to the Specific BK Channel Blocker Iberiotoxin
(A) Effects of IBTX (150 nM) on spontaneous firing rate in a control neuron.
(B) Effects of IBTX on spontaneous firing rate in different neuron in which firing rate potentiation had been previously induced with periodic
hyperpolarization during the period indicated by stim.
(C) Increase in gain evoked by IBTX in a control neuron. Initial gain was 361 (spikes/s)/nA; treatment with IBTX nearly doubled gain to 643
(spikes/s)/nA.
(D) Changes in gain evoked by IBTX in a neuron that was previously potentiated. Open circles show firing responses to depolarizing stimuli
in control ACSF, in which gain was 119 (spikes/s)/nA. Five minutes of hyperpolarization induced an increase in gain to 151 (spikes/s)/nA (open
squares). Subsequent application of IBTX induced a modest increase in gain, to 161 (spikes/s)/nA (filled circles).
(E) Summary of the effects of IBTX on spontaneous firing rates in unstimulated neurons (n 5) and in neurons subjected to prior hyperpolarization
(n  5).
(F) Summary of the gain changes induced by IBTX in control neurons (n  7) and in previously hyperpolarized neurons (n  5).
that neuronal activity can modify excitability (Aizenman rate. A prominent difference between our study and pre-
vious experiments is that MVN neurons fire spontane-and Linden, 2000; Armano et al., 2000; Daoudal et al.,
2002; Desai et al., 1999; Egorov et al., 2002; Mahon et ously in vitro; this “resting” condition of MVN neurons
differs dramatically from the quiescent state of manyal., 2003; Ross and Soltesz, 2001; Smith and Otis, 2003;
Turrigiano et al., 1994), implying that regulation of intrin- hippocampal or cortical pyramidal neurons studied in
slice preparations. Given that calcium influx throughsic ion channels may contribute to learning. Firing rate
potentiation in vestibular nucleus neurons differs mark- voltage-gated channels accompanies each action po-
tential, tonically active neurons are likely to have higheredly from previous findings on plasticity of excitability
both in its induction and its expression, raising the possi- basal intracellular calcium concentrations than silent
neurons, providing a substrate for inhibitory synapticbility that a rich variety of cellular mechanisms modify
signaling in neural circuits. activity to decrease intracellular [Ca2]. The inhibition-
induced changes in excitability reported here might notIncreases in intracellular [Ca2] triggered plasticity of
synapses and intrinsic excitability in most previous stud- be unique to MVN neurons. Many central neurons fire
spontaneously in vitro, including neurons of the hypo-ies. The results presented here are novel in that they
demonstrate cellular plasticity induced by decreases in thalamus (Uteshev et al., 1995), deep cerebellar nuclei
(Aizenman and Linden, 1999; Jahnsen, 1986; Raman etintracellular [Ca2] consequent to synaptic inhibition,
membrane hyperpolarization, and reductions in firing al., 2000), and basal ganglia (Bennett and Wilson, 1999;
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Bevan and Wilson, 1999); in addition, many neurons that et al., 1991; Schroeder et al., 1990). It is possible that FRP
in MVN neurons involves regulation of other voltage-are silent in brain slices fire spontaneously in vivo. Our
findings suggest the possibility that decreases in intra- dependent conductances in addition to decreases in BK
currents. In cultured neurons, activity-induced changes incellular [Ca2] induced by synaptic inhibition could be
a common mechanism used by neurons in intact brains, excitability involve a combination of decreases in K
currents and increases in Na currents (Desai et al.,but one that has been heretofore missed in in vitro stud-
ies where membrane potential is held below spike 1999). Increases in inward currents may also underlie
rapid excitability changes in cortical neurons (Egorov etthreshold and synaptic activity is impoverished relative
to that in the behaving animal. al., 2002).
Firing rate potentiation in MVN neurons is expressedDevelopmental and experience-dependent changes
in neural circuits rely on the ability to reduce, as well as marked increases in the gain of firing responses over
the entire firing range. This finding contrasts with previ-as increase, synaptic strength. In contrast, firing rate
potentiation does not appear to be bidirectional: under ous reports on activity-induced changes in excitability,
in which changes in response gain were restricted toour recording conditions, FRP could not be reversed,
even after depolarizing neurons to fire maximally. A low firing rate regimes and resulted in relatively small
net increases in firing rates (Aizenman and Linden, 2000;mechanism to reverse FRP may require different pat-
terns of activity than those attempted here or may mani- Desai et al., 1999; Egorov et al., 2002). Regulation of BK
currents, which are activated during each action poten-fest after a longer delay if it depends on de novo protein
synthesis rather than posttranslational modifications. tial, provides a useful mechanism for ensuring uniform
changes in gain across all firing rates.From the point of view of the VOR circuitry, a depolariza-
tion-induced mechanism that depressed firing rates or
gain from their resting, unpotentiated levels would be Firing Rate Potentiation and Motor Learning
counterproductive. During normal head movements, Firing rate potentiation exists in a systems context
MVN neurons modulate their firing rates in proportion where the impact of changes in the firing of neurons on
to head velocity over a wide range that extends to over a quantifiable behavior can be traced through a neural
200 spikes/s. Depression of firing response gains trig- circuit. How would a mechanism that regulated cellular
gered by rapid head movements would compromise the excitability in the vestibular brainstem influence the
stability of the VOR. VOR? MVN neurons are interneurons in the neural circuit
for the VOR; they receive head movement information
from the vestibular nerve and project to oculomotor neu-FRP Mediated by a Reduction in BK Currents
A number of lines of evidence implicate a reduction in rons that drive compensatory eye movements. The in-
trinsic gains of MVN neurons will therefore directly influ-BK-type calcium-activated potassium currents in the
expression of FRP. The decrease in AHP amplitude that ence the gain of the VOR: for a given head movement,
the higher the cellular gain, the larger the eye movement.accompanies FRP is consistent with a role for calcium-
activated potassium channels, the predominant media- The finding that FRP operates throughout the firing
range of MVN neurons makes it well suited to modulatetors of the AHP in MVN neurons (Smith et al., 2002).
Although blocking SK-type calcium-activated potas- VOR gain without differentially affecting responses to
fast and slow head movements.sium channels reduced AHP amplitude and evoked sev-
eral-fold increases in spontaneous rates and gain, firing The VOR exhibits two forms of experience-dependent
recalibration, or motor learning. The first, termed vestib-rate potentiation could still be invoked when SK chan-
nels were blocked with apamin, indicating that regula- ular compensation, is triggered by loss of peripheral
vestibular function. Unilateral vestibular deafferentationtion of SK channels does not mediate FRP. In contrast,
specific blockade of BK channels completely occluded results in an immediate drop in the gain of the VOR that
is followed by compensatory increases in gain that occurFRP. This result was particularly striking given that
blocking BK channels resulted in smaller increases in over days to weeks. The second form of VOR learning,
termed VOR adaptation, occurs whenever images movegain and spontaneous firing rate than those observed
with SK channel blockade. Although we did not measure persistently on the retina during head movements. VOR
adaptation is rapidly induced, within tens of minutes tomembrane currents directly, pharmacological manipula-
tions indicate that FRP dramatically reduces the sensi- hours of visual/vestibular mismatch training (Partsalis
et al., 1995; Schairer and Bennett, 1986), and is bidirec-tivity of MVN neurons to the specific BK channel blocker
iberiotoxin. Together, these results suggest that FRP is tional, resulting in either increases or decreases in VOR
gain. The cellular changes that mediate compensationmediated by a signaling pathway that leads to a reduc-
tion in BK currents. are assumed to occur in the vestibular nuclei (Darlington
et al., 2002), whereas those mediating adaptation areA BK current-mediated increase in excitability could
result from direct regulation of BK channels or from thought to be distributed between the cerebellar cortex
and the vestibular nuclei (du Lac et al., 1995; Raymondreduction in the current through voltage-gated calcium
channels that provide the Ca2 that activates BK chan- et al., 1996).
FRP is well suited to mediating deafferentation-inducednels. In MVN neurons, some of this Ca2 is likely to come
from T type calcium channels (Smith et al., 2002). The vestibular plasticity; transient firing rate decreases lead
to long-lasting firing rate and gain increases in bothrapid induction of FRP suggests that it is mediated by
changes in phosphorylation of ion channels or upstream FRP and vestibular compensation. The loss of excitatory
drive consequent to deafferentation results in an imme-signaling factors; both BK and T type channels can be
regulated by phosphorylation (Jin et al., 2002; Reinhart diate drop in the spontaneous firing rates of MVN neu-
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ments, kynurenic acid (Sigma, 2 mM) and picrotoxin (Sigma, 100rons in vivo, followed by compensatory increases in
M) were added to block ionotropic glutamatergic and GABAergicboth spontaneous firing (Precht et al., 1966) and firing
neurotransmission, respectively. Neurons in the medial vestibularresponse gains (sensitivity to remaining head motion
nucleus were visualized using differential interference contrast op-
signals) (Newlands and Perachio, 1990). These compen- tics under infrared illumination and patched in whole-cell, current-
satory changes occur in the absence of recovery of clamp mode. A subset of neurons were recorded extracellularly in
cell-attached mode. Membrane potential was sampled at 3 kHz forperipheral function, reflecting central plasticity mecha-
continuous monitoring of firing rate; 20 kHz sampling was used fornisms. Increases in spontaneous firing rates recorded
all other measurements. Pipette and access resistances were bridgein vitro in populations of neurons from deafferented ani-
balanced throughout each experiment, and voltage offsets weremals have been observed within 4–72 hr following deaf-
corrected after removing the electrode from the neuron. A calculated
ferentation (Cameron and Dutia, 1997; Him and Dutia, liquid junction potential of 14 mV was subtracted from all mem-
2001) and rely on inhibitory synaptic drive from the cere- brane potential traces.
Electrodes contained 140 mM K gluconate, 10 mM HEPES, 8 mMbellum (Johnston et al., 2002). Synaptic inhibition from
NaCl, 0.1 mM EGTA, 2 mM MgATP, and 0.3 mM Na2GTP. A subsetthe contralateral vestibular nucleus is also thought to
of experiments using a potassium methylsulfate internal were per-participate in vestibular compensation (Dieringer and
formed in which electrodes contained 140 mM K MeSO4, 10 mMPrecht, 1979a, 1979b; Galiana et al., 1984; Graham and
HEPES, 8 mM NaCl, 2 mM MgATP, and 0.3 mM Na2GTP. No signifi-
Dutia, 2001; Precht et al., 1966; Yamanaka et al., 2000). cant differences in firing rate potentiation were found between this
The inhibition-induced increases in excitability that con- and the gluconate-based internal.
Inhibitory synapses were activated with a tungsten-stimulatingstitute FRP could thus be one of the mechanisms that
electrode placed dorsolateral to the recorded neuron, using currentunderlies restoration of spontaneous rates and increases
amplitudes of 80–180 A. Stimulation intensity was chosen in eachin VOR gains following vestibular deafferentation.
neuron as the minimum amplitude and frequency which could si-Could FRP play a role in VOR adaptation? Visual-
lence the recorded neuron, or if silencing was not possible, an
vestibular mismatch training that induces VOR adapta- intensity which maximally reduced firing, up to a maximum of 80
tion results in changes in firing responses during head Hz, 180 A. It was unknown whether such stimulation activated
Purkinje cell axons, which travel in this region (Sekirnjak et al., 2003),movements (Lisberger and Pavelko, 1988; Partsalis et
commissural axons from the contralateral vestibular nucleus, oral., 1995) in a subset of neurons in the vestibular nuclei
local interneurons.called FTNs (flocculus target neurons). FTNs receive
powerful inhibition by Purkinje cells in the floccular lobe
Calcium Imagingof the cerebellum. Under stimulus conditions that lead
Calcium imaging was performed with an Olympus Fluoview 200
to increases in VOR gain, Purkinje cells fire maximally laser-scanning confocal microscope. An argon laser set at the mini-
when vestibular nerve excitation to FTNs is minimal mal intensity provided illumination at 488 nM, and a GFP filter-
(Raymond and Lisberger, 1998). The net inhibitory drive selected fluorescence light of 488–505 nM. Neurons were patched
with electrodes containing the calcium indicator Oregon Green 488onto FTNs could trigger FRP, resulting in increases in
BAPTA-1 (0.5 mM; Molecular Probes). Oregon Green BAPTA wasFTN firing responses during head movement and conse-
loaded intracellularly for at least 15 min prior to data collectionquent increases in VOR gain. Vestibular adaptation is
in attempts to achieve stable dye concentrations; some neurons
bidirectional (VOR gain can decrease as well as in- continued to exhibit increases in fluorescence throughout the re-
crease), whereas FRP does not appear to be bidirec- cording, while others exhibited decreases in fluorescence conse-
tional. Recent reports, however, indicate that the mech- quent to bleaching. Changes in fluorescence resulting from loading
or bleaching were corrected for by subtracting a linear fit to fluores-anisms controlling VOR gain increases may be distinct
cence data collected during 5–10 min periods of stable firing; infrom those mediating gain decreases (Boyden and Ray-
some cases of bleaching, an exponential fit was used for the correc-mond, 2003; Hirata et al., 2002; van Alphen and De Zeeuw,
tion. Neurons were visualized at 80	magnification, and an xy frame
2002). Future experiments should reveal whether and covering 40%–100% of the cell body was scanned over 600–800
how FRP plays a role in mediating different forms of ms periods every 10 s.
motor learning in the VOR.
Pharmacology
GABA (Sigma, 1 mM) and glycine (Sigma, 1 mM) were pressureConclusion
ejected with a picospritzer from a glass pipette positioned within
Firing rate potentiation is a novel type of plasticity in 50 m of the recorded neuron. Low [Ca2] ACSF was made by
intrinsic excitability that is triggered by synaptic inhibi- replacing CaCl2 with MgCl2. Iberiotoxin, apamin (Alomone Labs),
and cadmium chloride (Sigma) were applied to the ACSF; BAPTAtion and subsequent decreases in intracellular calcium
(Sigma) was included in the internal solution. Saturation of eachand is expressed as long-lasting increases in excitability
pharmacological agent was established from consecutive gain andover the entire firing range. FRP may be one of a diverse
firing rate measurements that showed no changes. Experimentsset of mechanisms that underlie motor learning in the
addressing IBTX sensitivity were performed by applying IBTX until
VOR as well as inhibition-induced plasticity in other cir- saturation was established, either in unstimulated neurons or in
cuits that include tonically firing neurons. neurons where FRP had been induced by hyperpolarizing steps.
Data AnalysisExperimental Procedures
Neurons were excluded if spontaneous firing rate was less than 2
spikes/s or input resistance dropped by more than 15% duringElectrophysiology
Coronal slices of the brainstem (300 m) were prepared from 14- the course of the experiment. Analyses of firing rate included only
neurons in which baseline firing rate changed by less than 1.5%to 24-day-old C57/B6 mice (as detailed in Sekirnjak and du Lac,
2002), incubated in room temperature carbogenated artificial cere- per min. For each neuron, spontaneous firing rates were collected
continuously for 5 min prior to stimulation and for 15 min immediatelybrospinal fluid (ACSF) for at least 1 hr, then placed in a submersion
chamber perfused with carbogenated ACSF at 31
–33
C. ACSF con- after stimulation. Following this period of continuous data collection,
spontaneous firing rates were interrupted intermittently for measure-tained 124 mM NaCl, 26 mM NaHCO3, 5 mM KCl, 1.3 mM MgCl2,
2.5 mM CaCl2, 1 mM NaH2PO4, and 11 mM dextrose. In most experi- ments of input resistance and firing response gain. In summary
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graphs of spontaneous firing versus time, these 1–4 min gaps in for vestibular deficits in the frog. I. Modification of the excitatory
commissural system. Exp. Brain Res. 36, 311–328.individual neurons’ firing rates were filled by linear interpolation
between adjacent firing rate points. Statistical analyses were not Dieringer, N., and Precht, W. (1979b). Mechanisms of compensation
performed on interpolated data. Firing response gain, defined as for vestibular deficits in the frog. II. Modification of the inhibitory
the slope of the mean firing rate-current relationship, was measured pathways. Exp. Brain Res. 36, 329–357.
by injecting depolarizing current steps of 1 s over a range of ampli-
du Lac, S. (1996). Candidate cellular mechanisms of vestibulo-ocular
tudes. Postinhibitory rebound was calculated as the difference in
reflex plasticity. Ann. N Y Acad. Sci. 781, 489–498.
average firing rate between the 1 s after and the 1 s preceding a 1 s
du Lac, S., and Lisberger, S.G. (1995). Membrane and firing proper-current step, which hyperpolarized the membrane potential by 30
ties of avian medial vestibular nucleus neurons in vitro. J. Comp.mV. Input resistance was measured periodically during each re-
Physiol. [A] 176, 641–651.cording and calculated from the change in membrane potential
evoked by small (5–20 pA) hyperpolarizing current steps, 500 ms in du Lac, S., Raymond, J.L., Sejnowski, T.J., and Lisberger, S.G.
duration, applied to neurons hyperpolarized with DC current to70 (1995). Learning and memory in the vestibulo-ocular reflex. Annu.
to 80 mV. Spontaneous firing rates were averaged and compared Rev. Neurosci. 18, 409–441.
during 5 min epochs prior to and 25–30 min following stimulation. Egorov, A.V., Hamam, B.N., Fransen, E., Hasselmo, M.E., and
Gains and input resistance were compared prior to and 20–30 min Alonso, A.A. (2002). Graded persistent activity in entorhinal cortex
following stimulation. Wilcoxon signed rank tests were used to as- neurons. Nature 420, 173–178.
sess the effects of stimulation on intrinsic properties. Mann-Whitney
Fuchs, A.F., and Kimm, J. (1975). Unit activity in vestibular nucleusU tests were used to compare pharmacologically treated neurons
of the alert monkey during horizontal angular acceleration and eyeand interleaved controls. Data are reported as means  SEM.
movement. J. Neurophysiol. 38, 1140–1161.
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